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Abstract 11 
Incorporation of living organisms, such as photosynthetic organisms, on the 12 
structures envelope has become a priority in the area of architecture and construction 13 
due to aesthetical, economic and ecological advantages. Important research efforts are 14 
made to achieve further improvements, such as for the development of cementitious 15 
materials with an enhanced bioreceptivity to stimulate biological growth. Previously, the 16 
study of the bioreceptivity of cementitious materials has been carried out mainly under 17 
laboratory conditions although field-scale experiments may present different results.  18 
This work aims at analysing the colonisation of cementitious materials with 19 
different levels of bioreceptivity by placing them in three different environmental 20 
conditions. Specimens did not present visual colonisation, which indicates 21 
environmental conditions have a greater impact than intrinsic properties of the material 22 
at this stage. Therefore, it appears that in addition to an optimized bioreceptivity of the 23 
concrete (i.e. composition, porosity and roughness), extra measures are indispensable 24 
for a rapid development of biological growth on concrete surfaces. An analysis of the 25 
colonisation in terms of genus and quantity of the most representative microorganisms 26 
found on the specimens for each location was carried out and related to weather 27 
conditions, such as monthly average temperature and total precipitation, and air quality 28 
in terms of NOx, SO2, CO and O3. 29 
OPC-based specimens presented the higher colonisation regarding both 30 
biodiversity and quantity. However, results obtained in a previous experimental 31 
program under laboratory conditions suggested a higher suitability of Magnesium 32 
Phosphate Cement-based (MPC-based) specimens for algal growth. Consequently, 33 
carefully considering the environment and the relationships between the different 34 
organisms present in an environment is vital for successfully using a cementitious 35 
material as a substrate for biological growth. 36 
Key words: Bioreceptivity, intrinsic properties, natural colonisation, cementitious 37 
materials, microorganisms. 38 
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Nowadays, two major technologies are used to create vegetated wall surfaces, i.e. 40 
systems rooted in the ground and systems rooted in artificial substrates. The first group 41 
refers mainly to the use of climber plants with or without supporting systems. In 42 
contrast, the second group is characterized by its dependence on irrigation systems 43 
and addition of nutrients to the substrate (Perini et al., 2011). Both systems suffer from 44 
high investment and maintenance costs (Pérez Luque, 2010).  A cheaper alternative 45 
would be to stimulate the development of colourful patinas of biological origin on the 46 
surface of building materials.  47 
As concrete is one of the most used building materials in cities around the world, it 48 
represents an eligible substrate for development of green facades. Ordinary Portland 49 
cement, however, is not a feasible material for the rapid development of a biological 50 
patina. The high alkalinity (pH of about 12) and rather low porosity make it a material 51 
with a low bioreceptivity. Biological colonization only occurs once the pH has 52 
sufficiently dropped (pH of about 9-10), due to reaction of the cement matrix with 53 
atmospheric carbon dioxide, a process known as carbonation (Taylor, 1990). Ordinary 54 
Portland cement, however, is not the only binder used in construction. Cement with fly 55 
ash or silica fume addition present lower concentration of alkali and hydroxyl ions. 56 
Moreover, the aforementioned reduction would depend on the nature of the addition, 57 
the level of cement replacement, the alkali content of the cement and the age (Shehata 58 
et al., 1999; Erdem and Kirca, 2008). 59 
At UPC (Barcelona, Spain), we have developed a multi-layered concrete panel for 60 
the development of green facades. This patented material is composed of four layers 61 
(Manso et al., 2013). The first layer consists of conventional concrete and is 62 
responsible for the structural function of the panel. The main function of the second 63 
layer is to protect the first layer from ingress of water and noxious substances. 64 
Furthermore, it acts as a bond layer between the inner and outer layer. The function of 65 
the third layer is to stimulate the development of the biological patina. It represents an 66 
anchorage site for airborne microorganisms and a niche for microbial growth.  Finally, 67 
the fourth and last layer is a discontinuous one in order to allow different designs of the 68 
surface. Exit of water is then redirected to the areas without this fourth layer, promoting 69 
better local conditions for colonising organisms. 70 
In our previous study, we have screened several mortar formulations for their 71 
effectiveness as a substrate for biological growth (Manso et al., 2014b). Six different 72 
mortar designs were subjected to an accelerated algal fouling test. Main results 73 
extracted from this work were two; first, chemical intrinsic properties seemed to have 74 
more influence than physical ones under laboratory conditions and, second, 75 
Magnesium Phosphate Cement (MPC) appeared to be the most promising binder for 76 
the third layer of the multi-layered concrete panel. 77 
Numerous research groups have been investigating natural colonisation of building 78 
materials. Studies mainly focus on the identification of the organisms on those 79 
surfaces, how to prevent their colonisation by means of the development of surficial 80 
treatments or methodologies of evaluation. For instance, Gaylarde and Gaylarde 81 
(2005) identified Chlorophyceae and Cyanophyceae as the most prevalent 82 
microorganisms found, where algal growth depends on humidity and porosity of the 83 
material and Cyanophyceae was mainly observed on concrete walls subjected to dry 84 
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periods. De Muynck et al. (2009) compared different strategies for the prevention of 85 
algal fouling on two types of concrete and stated the performance of the surface 86 
treatments is dependent on the bioreceptivity of the concrete. Prieto et al. (2005) 87 
compared three different methodologies of biofilm quantification on stone: 88 
quantification of chlorophyll a, determination of fluorescein diacetate hydrolysis and 89 
determination of the total colour difference. The authors concluded differences in colour 90 
can be used since it is statistically robust, easy, quick, non-destructive and can be used 91 
in situ and on site. 92 
The use of accelerated laboratory tests is common when evaluating the intrinsic 93 
properties of a material (Guillitte and Dreesen, 1995; Dubosc et al., 2001; Escadeillas 94 
et al., 2007; De Muynck et al., 2009; Tran et al., 2012). However, colonisation of 95 
materials by living organisms depends not only on the bioreceptivity of the material but 96 
also on the climate conditions and the organisms present in the environment (Guillitte, 97 
1995). Therefore, the necessity of field-scale experiments has gained more interest 98 
when studying biofouling of cementitious materials, although only few publications 99 
presented field-scale results. For instance, Tran et al. (2014) stated no correlation 100 
between laboratory and field-scale tests should be done due to dissimilarities between 101 
those two experimental scales. The authors suggested the necessity of modifying 102 
laboratory accelerated tests to approach the configuration to a real situation.  103 
The aim of this research is evaluating different cementitious materials’ designs to 104 
stimulate biological growth under different environmental conditions. For this purpose, 105 
a comparison between three different locations was carried out. First, the selection of 106 
the methodology to remove the microorganisms from the specimens was done. Then, 107 
identification and quantification of the predominant culturable microorganisms present 108 
on the specimens was performed for all three locations. Finally, weather and air quality 109 
data were also analysed to link materials’ properties, microorganisms present in the 110 
environment and weather conditions to the colonisation. 111 
2. Materials and methods 112 
2.1. Mortar specimens and setup 113 
Different hydraulic binders (Ordinary Portland Cement, OPC, and Magnesium 114 
Phosphate Cement, MPC), silica aggregates sizes (0/2 and 2/4 mm), water to cement 115 
ratios (ranging between 0.15 and 0.28 and between 0.3 and 0.6 for MPC and OPC 116 
specimens, respectively) and amounts of cement paste were used to produce mortar 117 
specimens with different bioreceptivity.  118 
The type of OPC used was type I 52.5R while MPC was composed by magnesium 119 
oxide (MgO), monoammonium phosphate (NH4H2PO4) and borax acting as a retarder 120 
(Na2B4O7·10H2O). Water to cement ratios for OPC specimens were selected based on 121 
the standard UNE-EN 196-1:2005 and for MPC specimens based on the 122 
characterisation developed in a previous work (Manso et al., 2014a). Variations on the 123 
amount of cement paste were applied starting from an estimated reference value. The 124 
aforementioned reference value (C) corresponded to the minimum amount of cement 125 
paste required to join all the aggregates for OPC specimens (Manso et al., 2014b). The 126 
composition of the mortars is given in Table 1. 127 
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Table 1. Specimens’ composition. 128 
OPC and MPC specimens were cast into 80 x 80 x 20 mm³ polyurethane 129 
elastomer moulds, demoulded after 24 h and 1 h respectively and cured at 22 ± 2 °C 130 
and 95 ± 5% relative humidity for 28 days. 131 
Expanded polystyrene plates of 3 cm thickness were cut in order to randomly 132 
embed the specimens. Then, support plates were produced to place some of the 133 
samples horizontally and others vertically, oriented to the north, as shown in Figure 1. 134 
This type of setup was produced per triplicate in order to place specimens in three 135 
different environmental conditions in terms of weather and air pollution. Accordingly, 136 
fifteen replicates per dosage and environmental conditions were produced and 137 
randomly placed. 138 
Figure 1. Setup of specimens exposed to environmental conditions: (a) General view, (b) 139 
vertical specimens and (c) horizontal especimens. 140 
2.2. Locations 141 
Locations selected for the current experimental program were Barcelona city in 142 
Spain, the Natural Park of Montseny (60 km from Barcelona) and Ghent city in 143 
Belgium. Maintenance of the setup areas was carried out in order to avoid interference 144 
of surrounding plants. Specimens were exposed for 1 year in all locations. 145 
The first location in Barcelona city corresponds to a contaminated area with 146 
Mediterranean climate, the second one in Montseny to similar climate conditions but in 147 
a non-contaminated area and the third in the surroundings of the city of Ghent with 148 
oceanic climate. Mediterranean climate is characterised generally by moderate 149 
temperatures with hot, dry summers and wet winters with an average temperature of 150 
around 10° C. Moreover, countries included in the Mediterranean region lie between 151 
30° and 45° north and south of the Equator. In contrast, the temperate maritime climate 152 
influenced by the North Sea and the Atlantic Ocean, has cool summers (average 153 
temperature less than 22° C) and moderate winters (average temperatures warmer 154 
than -3° C). Furthermore, the rainfall is usually distributed throughout the year (Lionello 155 
et al., 2006; Barry and Chorley, 2009). 156 
2.3. Sampling and tests 157 
A comparison between two biological growth removal methodologies was 158 
accomplished in order to select one. Quantification of total viable microorganisms was 159 
obtained by means of the use of cotton swabs and by immersion of the samples in 160 
sterile Ringer. First, specimens were disinfected with alcohol until complete 161 
evaporation. Then, inoculation of the specimens was carried out with microorganisms 162 
often found on cementitious materials in a liquid culture. Afterwards, specimens were 163 
incubated and removal of the microorganisms for quantification was achieved after 24 164 
hours and 7 days by means of both methodologies: 165 
x Cleaning of the surface with sterile cotton swabs, inoculation of microorganisms 166 
and incubation before total plate counting. 167 
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x Immersion of the specimens in sterile Ringer under stirring for 10 minutes. 168 
Suspensions were then centrifuged to obtain the pellets, which were sown and 169 
incubated before the quantification. 170 
Regarding field samples, they were analysed once after one year of exposition. 171 
Three replicates per dosage for each inclination and environmental condition were 172 
randomly chosen and crushed for analysis by means of scanning electron microscope 173 
(SEM) and three other replicates were used to collect the biological growth.  174 
The removal of the biological growth was carried out by means of sterile cotton 175 
swabs. Those samples were then inoculated in different culture media to detect 176 
bacteria, algae and fungi as detailed in Table 2. Furthermore, a unique sample of 177 
environmental microorganisms present for each one of the three areas were also 178 
obtained by exposing two different culture media, one containing Tryptic Soy Agar and 179 
the other one containing Sabouraud Agar with antibiotic. Petri dishes were maintained 180 
open next to the setup during 10 minutes to obtain the sample.  181 
Table 2. Culture media and incubation regimes. 182 
After specific incubation (see Table 2), different classical assays were carried out 183 
in order to provide information about the microorganisms. Identification of bacteria was 184 
determined by means of the Gram stain method, the spores staining for Gram positive 185 
Bacillus, the catalase and oxidase test and the microorganisms sown in API gallery 186 
according to the presumptive genera. Then, identification of fungi was obtained by 187 
means of fresh samples observation in lactofen blue and evaluation of macroscopic as 188 
well as microscopic characteristics. Finally, yeasts identification was achieved by 189 
means of fresh samples observation in lactofen blue, methylene blue stain and 190 
Analytical Profile Index (API) 20C AUX gallery (Cowan, 1974; Atlas, 2010).  191 
Moreover, climate data were obtained from the nearest climate station. Data 192 
corresponding to the monthly average temperatures (°C) and total precipitation per 193 
month (mm) will be presented. 194 
3. Results and discusion 195 
3.1. Evaluation of the suitability of the microorganisms’ removal methodology 196 
The use of cotton swabs for the removal of the microorganisms is a widely used 197 
methodology (Hallander et al., 1975; Evans and Stevens, 1976). However, 198 
quantification of the microorganisms may be influenced by the type of substrate such 199 
as the mortars here studied. According to Table 1 and considering the biological growth 200 
observed on the specimens, the different porosity of the specimens could be affecting 201 
the results. Consequently, a comparison between the two methodologies described in 202 
the materials and methods section has the purpose of verifying the suitability of the 203 
method. 204 
Table 3 shows the quantification results after 24 hours and 7 days of culture on the 205 
specimens’ surface by means of both methodologies. Results corresponding to the first 206 
quantification (1 day) presented unclear trends, since no correlation between method 207 
and growth can be stablished. Quantification was higher for half of the samples when 208 
using the cotton swabs. However, results of quantification after 7 days showed a 209 
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clearer trend. For organisms who were established and anchored to the material for at 210 
least one week, results indicate the use of cotton swabs as a more suitable technique 211 
to remove microorganisms than the immersion in sterile Ringer.  212 
Table 3. Comparison between the use of cotton swabs and immersion in sterile Ringer for 213 
microorganisms’ extraction (quantification after 1 and 7 days). 214 
The hypothesis was that more microorganisms would be obtained when immersing 215 
them in sterile Ringer, since all the ones present inside the material, in the pores, 216 
would be then also in contact with the solution. However, the results showed lower 217 
amounts, which may lead to two different conclusions. Either no more microorganisms 218 
are extracted by immersion, or the survival of the microorganisms is lower when using 219 
that method.  220 
3.2. Identification of microorganisms 221 
Environmental samples 222 
Table 4 shows the bacterial and fungal genera identified from the environmental 223 
samples of Barcelona city, the Natural Park of Montseny and Ghent city. The most 224 
remarkable difference observed in the environmental samples of Ghent was the 225 
identification of the yeast Saccharomyces sp., which is common in that region (Martens 226 
et al., 1997). 227 
Table 4. Bacterial and fungal genera identified from environmental samples. 228 
The results presented above correspond to a unique sampling and provide an idea 229 
about the microorganisms presents in each environment at that moment. In general, 230 
bacteria are usually less present in the atmosphere than fungi and they are usually 231 
associated with other particles. Concentration as well as variability of aerobacteria 232 
change between day and night and also between seasons. According to Tong and 233 
Lighthart (1997), pigmented bacteria are more numerous during the day due to their 234 
solar radiation protection. Furthermore, they also state that Gram positive bacteria with 235 
sporulation capability decrease during the night and Gram negative increase while the 236 
opposite occurs during the day (Lighthart and Shaffer, 1995). Concerning to spreading 237 
of fungi, sporulation and spore dispersal depend on biological, climatic and physical 238 
processes (Hjelmroos, 1993). According to McCartney and Lacey (1991), rain and wind 239 
are the most important carriers geographically.  240 
Bacteria on specimens 241 
Regarding the bacteria identified on the specimens’ surface, a genus of bacteria, 242 
which was not found on environmental samples was identified, Streptococcus. Table 5 243 
shows the most representative genera of bacteria isolated from all specimens. 244 
According to previous hypothesis, the horizontal position was the more suitable since 245 
gravity favours deposition of bacteria, spores, organic matter, and others. Furthermore, 246 
climate conditions such as rain and incident wind will affect also the maintenance of the 247 
organisms on the surface. Previous hypotheses also consider that wind would provoke 248 
the detachment of the most surficial organisms on vertical specimens while rain would 249 
do it mainly to the ones on horizontal specimens, considering a higher impact of the 250 
raindrops on the specimens’ surface. 251 
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Table 5. Isolated bacteria classified per bioreceptivity level, inclination and location of the 252 
specimens. 253 
The highest biodiversity of bacteria was found for specimens placed horizontally in 254 
Barcelona city. In addition, the genus Bacillus was identified from all the samples, 255 
which was expected from the results of the environmental samples. When bacteria like 256 
Bacillus are present in the environment, it is normal to find cells everywhere due to 257 
their specific characteristics. The aforementioned genus has the capability to form 258 
endospores, which are remarkably resistant to heat, desiccation, radiation and 259 
chemical attack. Sporulation is usually induced by nutrient starvation although it is not 260 
an immediate process. Different responses can happen before such as the activation of 261 
the flagellar motility to search for new food sources, production of antibiotics in order to 262 
destroy competitors and others. In fact, sporulation is their last survival attempt 263 
(Stephens, 1998). SEM images are presented in Figure 2. 264 
Figure 2. Detail of Pa40-1C surface specimen with bacteria (b), which may belong to genus 265 
Aerococcus (a) and Bacillus (b). 266 
Fungi on specimens 267 
Regarding the identification of fungal growth from the specimens’ surface, three 268 
more genera of fungi (Epicoccum, Gilmaniella and Mucor) were identified. Table 6 269 
shows the most representative genera of fungi isolated from all specimens. One of the 270 
most interesting results obtained was the majoritarian presence of yeast on specimens 271 
placed in Ghent when comparing them with the results from the other two locations. 272 
The aforementioned results agreed with the environmental samples detailed above. 273 
Moreover, a higher biodiversity was observed on specimens placed in Ghent than in 274 
the other two locations. SEM images are presented in Figure 3. 275 
Table 6. Isolated fungi classified per bioreceptivity level, inclination and location of the 276 
specimens. 277 
Figure 3. Detail of fungal hyphae (with arrow) on Pa40-1C (a) and Ma20-0.75C (b,c) specimens. 278 
3.3. Quantification of microorganisms 279 
Bacteria 280 
Figure 4 and 5 show the colony-forming units (CFUs) of bacteria isolated from the 281 
horizontal and vertical surface of the specimens, respectively. Both graphs present the 282 
distribution of CFUs comparing the different bioreceptivity designs and locations by 283 
means of box plots analysis. 284 
Figure 4. Box plot of bacterial quantification for horizontal specimens. 285 
The higher level of biodiversity for bacteria was found in Barcelona city and 286 
quantification results show also a higher amount of bacteria for the specimens placed 287 
horizontally in that location. The lowest amount of bacteria was found on specimens 288 
placed in Ghent. Regarding MPC specimens, differences between the three different 289 
bioreceptivity designs were not evident as Figure 3 shows, especially for specimens 290 
placed in Barcelona city. However, OPC specimens showed differences between the 291 
different designs although the most bioreceptive design could not be stablished.  292 
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However, results obtained for specimens placed vertically did not present the 293 
same trend (see Figure 5). In that case, the city of Ghent was the location in which 294 
specimens, especially OPC, presented the higher amount of bacteria. Moreover, the 295 
comparison between results obtained for specimens placed in Barcelona city and 296 
Montseny shows higher amount of bacteria for the first location. This fact corresponds 297 
with the expectations since bacterial presence is lower in rural areas than in cities. 298 
Concentration of aerobacteria in forests is estimated between 385 and 1200 CFUs/m³, 299 
while for urban areas the values are between 540 and 7200 CFUs/m³ (Jones and 300 
Cookson, 1983; Laine et al., 1999). 301 
Figure 5. Box plot of bacterial quantification for horizontal specimens. 302 
Accordingly, Figure 6 shows data corresponding to the air quality for the city of 303 
Barcelona and the Natural Park of Montseny. When comparing the data corresponding 304 
to the air quality between these two locations, the difference is clear. Barcelona city 305 
registered higher amounts of all pollutants (SO2, NO, NO2, NOx and CO) and lower 306 
amounts of ozone (O3).  307 
Figure 6. Air quality of Barcelona city (a,b) and Natural Park of Montseny (c,d). 308 
Atmospheric pollution levels also affect the colonisation and development of 309 
organisms (Nuhoglu et al., 2006). Sulphur dioxide (SO2) is a gaseous component, 310 
which is one of the major constituents of polluted atmospheres in urban areas. Sulphur 311 
dioxide forms sulphuric acid due to oxidation, which favours the formation of gypsum 312 
on concrete surfaces. During the process of crystallisation, different particles present in 313 
the environment are accumulated on the surface and provide a good substratum to 314 
microorganisms’ colonisation and development (Saiz-Jimenez, 1997). Furthermore, dry 315 
deposition of nitrogen oxides (NOx) also promotes the oxidation of the sulphur dioxide 316 
(Johanson et al., 1988). The above is applicable to OPC specimens although not to 317 
MPC since the chemical composition is completely different. Concerning NOx, 318 
Mancinelli and McKay (Mancinelli and McKay, 1983) state that NO has a bacteriostatic 319 
effect, although NO2 decreases the effect of air pollution on MPC. 320 
In Barcelona, NOx levels ranged from 27 µg/m³ to 65.4 µg/m³ with a monthly 321 
average of 46.2 µg/m³. Furthermore, recorded NO2 levels were significantly higher than 322 
NO levels and low SO2 levels were obtained. In contrast, lower values than 5 µg/m³ of 323 
NOx and SO2 were recorded in the Natural Park of Montseny. Therefore, that fact may 324 
stimulate a higher colonisation and development on specimens in Barcelona city. 325 
Figure 7 illustrates plenty of particles attached on the surface specimens by means of 326 
SEM images. Based on previous works (Nuhoglu, 2006), all those particles may be 327 
consequence of the environmental pollutants. 328 
Figure 7. Surface particles (white arrows) on Ma20-0.75C specimen due to air pollution of 329 
Barcelona city. 330 
Additionally, clear differences when comparing OPC and MPC specimens were 331 
only observed for the specimens placed in Ghent city. In that case, specimens 332 
produced with OPC presented the higher amount of bacteria, suggesting the pH of 333 
carbonated OPC to be more suitable for bacteria in this environment. Differences in 334 
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quantification due to the physical properties of the specimens such as superficial 335 
roughness and porosity did not show a uniform trend for all locations. 336 
Fungi 337 
Figures 8 and 9 shows the colony-forming units of fungi isolated from the surface 338 
of the horizontal and vertical specimens, respectively, represented in box plots. A 339 
higher number of CFUs for specimens placed in the city of Ghent was observed, 340 
according to the location of the highest biodiversity of fungi. That fact is visible for OPC 341 
specimens, where the quantity is significantly higher, and not for the MPC ones. This 342 
may be consequence of the great presence of yeasts in the environment as mentioned 343 
in the subsection 3.1. However, according to the results related to the bacterial growth, 344 
it was not possible to state differences between specimens for the same location, with 345 
some exceptions (MPC specimens placed in Ghent city and specimens indicated with 346 
black arrows). Then, differences between the different locations was evident although it 347 
was not possible to determine the most suitable design. 348 
Figure 8. Box plot of fungal quantification for horizontal specimens. 349 
In general, most fungal genera grow in environments with pH between 5 and 7 350 
(Azmi and Seppelt, 1997). Consequently, a higher fungal growth in MPC specimens 351 
than in OPC ones was expected. Then, although MPC has a more suitable pH for 352 
those organisms, the presence of bacteria may have caused a local drop in the pH 353 
producing a suitable substrate for the yeasts (Cole, 1982).  354 
Furthermore, genera Acremonium, Alternaria and Cladosporium were identified on 355 
the majority of the specimens. According to Onions and Brandy (1987), Acremonium 356 
can grow in a wide range of pH, pH 6 being the optimum and growing better at a pH 9 357 
than a pH 3. However, the morphology of the mycelium is different going from 358 
branched mycelial clumps to unbranched filaments at pH 6 and 9 respectively. Genus 359 
Alternaria has also an optimal growth pH between 6 and 7. The genus Phoma was only 360 
identified on MPC specimens and that fact may be due to the optimal growth pH of that 361 
genus, which is between 3 and 6, making MPC specimens more suitable as a support 362 
than OPC specimens.  363 
Figure 9 shows results corresponding to the fungal quantification of the vertical 364 
specimens. According to results of the horizontal specimens, the highest colonisation 365 
was observed on OPC specimens placed in Ghent city. Moreover, less CFUs were 366 
quantified on the vertical specimens as seen in the results related to bacterial growth. 367 
Unfortunately, combination of horizontal and vertical results for both, bacterial and 368 
fungal growth, do not provide homogeneous results. 369 
Figure 9. Box plot of fungal quantification for vertical specimens. 370 
Finally, weather conditions are important to better understand the aforementioned 371 
results. Figure 10 shows the available data corresponding to all three locations for the 372 
period of the study. Although other weather conditions such as wind direction, wind 373 
speed or sunshine duration may be interesting, in this study only temperature and 374 
precipitation were analysed. Identification of the most representative genus did not 375 
reveal the presence of photosynthetic organisms on the specimens, which indicated 376 
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that it was not necessary to analyse the photosynthetic active radiation (PAR). 377 
Moreover, specimens were oriented to the north in order to get the most suitable 378 
conditions for the growth.  379 
Figure 10. Monthly average temperature and cumulative precipitation for the locations of 380 
Barcelona city (a), Natural Park of Montseny (b) and Ghent city (c). 381 
Comparing the monthly average temperature between Barcelona city and the 382 
Natural Park of Montseny, the data are pretty similar although slightly lower for the 383 
second location. The aforementioned lower temperatures were mainly consequence of 384 
the different altitudes of the locations (175 m versus 732 m). A one-year cycle was 385 
accomplished for all three locations although the setup was installed at different 386 
moments for the Ghent city location than for the other two locations. Consequently, 387 
maximum temperatures corresponding to the summer periods do not correspond to the 388 
same point in the graphs. In general, temperature for the location of Ghent city was 389 
lower than for the Spanish locations. 390 
Related to the precipitation data, higher precipitation was recorded in Ghent 391 
followed by the Natural Park of Montseny. In contrast, the city of Barcelona recorded 392 
lower values than for the other locations. Rain and low-speed wind favour the 393 
deposition of aerial particles (microorganisms, dust, and others). Moreover, high 394 
relative humidity provides moisture, which stimulates the growth of microorganisms. 395 
Then, temperatures and sunshine will also affect the growth of the microorganisms. For 396 
instance, growth of Alternaria is favoured by low sunshine intensity, which would 397 
suggest a higher growth of that genus on vertical specimens (with the inconvenience of 398 
the inclination) or in locations with low sunshine intensity and duration. 399 
4. Conclusions 400 
Regarding predominant microorganisms, a lower diversity of bacteria was found on 401 
specimens placed in the Natural Park of Montseny than in Barcelona city. Slight 402 
differences were found in terms of biodiversity since the genera found for both 403 
locations were similar. Moreover, a lower presence of microorganisms on specimens 404 
placed vertically was noticed in all locations. In contrast, the city of Ghent presented a 405 
higher biodiversity as well as amount of fungi than the other two locations. That fact is 406 
mainly due to the high presence of yeasts in that environment. 407 
Data corresponding to the air quality as well as the weather conditions in terms of 408 
precipitation and average temperatures contribute to justify the results obtained in the 409 
experimental program. Moreover, the results corresponding to the city of Ghent, in 410 
which environmental conditions favour the biological growth, showed higher amounts of 411 
microorganisms on OPC specimens. Based on the results obtained in the accelerated 412 
algal test from a previous work (Manso et al., 2014b), those results correspond to the 413 
expected ones. In that previous work, MPC specimens presented the better properties 414 
to allow algal growth, specifically for Chlorella vulgaris.  415 
The aforementioned hypothesis correspond to the fact that some bacteria can 416 
inhibit the growth of algae by producing algicidal compounds (Berger et al., 1979; Cole, 417 
1982; Afi et al., 1996; Fukami et al., 1997) and some algae such as Chlorella vulgaris 418 
produce antibiotics. Chlorellin is the name of the compound produced by Chlorella 419 
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vulgaris, which is effective against some species of bacteria including Staphylococcus 420 
aureus, Streptococcus pyogenes, Bacillus subtilis and Pseudomonas aeruginosa 421 
(Cole, 1982; Pratt et al., 1944). Consequently, under environmental conditions, the 422 
suitability of a material to enhance natural colonisation as well as the succession of the 423 
colonising organisms will depend on the environment.  424 
Finally, the suitability of the use of cotton swabs was verified for the removal of the 425 
microorganisms to study the composition and quantifying them. However, other 426 
comparisons between methodologies may be interesting.  427 
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Table 1. Specimens’ composition. 
Specimens Composition 
Compressive 
strength (MPa) 
(n = 6) 
Porosity 
(%) 
Roughness 
Ra (µm) 
(n = 12) 
pH 
Pa40-1C Sand 0/2 mm a:c:w1 = 4.41:1:0.4 15.83 ± 0.7 22.97 0.03 ± 0.00 
≈ 9 Pa60-1.75C Sand 0/2 mm a:c:w1 = 3.22:1:0.6 46.81 ± 1.1 12.27 0.03 ± 0.01 
PA30-1C Sand 2/4 mm a:c:w1 = 3.8:1:0.3 27.52 ± 2.0 10.60 0.16 ± 0.02 
Ma20-0.75C Sand 0/2 mm a:c:w2 = 4.81:1:0.2 9.82 ± 0.1 18.20 0.04 ± 0.00 
6.7 Ma28-1C Sand 0/2 mm a:c:w2 = 4.03:1: 0.28 24.45 ± 1.4 2.47 0.06 ± 0.00 
MA15-0.5C Sand 2/4 mm a:c:w2 = 6.6:1:0.15 9.18 ± 0.8 13.15 0.15 ± 0.01 
1CEM I 52.5R; 2 Cement made by NH4H2PO4, MgO and borax. NH4H2PO4:MgO ratio = 1:1.75 and the addition of borax 
amounted to 6 % by weight of the sum of NH4H2PO4 and MgO weights; a:c:w is the ratio aggregates:cement:water; n is 
the number of replicates. Labels of specimens make reference to the binder (P: OPC; M: MPC), aggregate size (a: 0/2 
mm; A: 2/4 mm), w/c ratio (e.g.: 20 means w/c = 0.2 and 60 0.6), cement paste content (factor multiplying the minimum 
amount of cement paste, C, needed to join all the aggregate particles) (Klein et al., 2012). 
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Table 2. Culture media and incubation regimes. 
Microorganisms Culture media Incubation regime 
Aerobic bacteria Tryptic Soy Agar (TSA) 25ºC – 24 to 48 hours 
Anaerobic bacteria Tryptone Sulfite Neomycin Agar (TSN Agar) Sulfite Polymixin Sulfadiazine Agar (SPS Agar) 
42ºC – 24 to 48 hours 
 
37ºC – 24 to 48 hours 
Enterobacteriaceae MacConkey Agar 37ºC – 24 to 48 hours 
Fungi Sabouraud Agar with antibiotic 25ºC – 3 to 4 days 
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Table 3. Comparison between the use of cotton swabs and immersion in sterile Ringer for 
microorganisms’ extraction (quantification after 1 and 7 days). 
Specimen 
1 day quantification 7 days quantification 
Cotton 
swabs 
Immersed in 
sterile Ringer 
Cotton 
swabs 
Immersed in 
sterile Ringer 
Pa40-1C 62 Non-detected > 106 Non-detected 
Pa60-1.75C > 106 > 106 952 80 
PA30-1C 264 > 106 > 106 Non-detected 
Ma20-0.75C 154 > 106 > 106 4 
Ma28-1C 52 Non-detected > 106 Non-detected 
MA15-0.5C 648 53 68 74 
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Table 4. Bacterial and fungal genera identified from environmental samples. 
Bacteria Fungi 
Aerococcus (Aerococcus sp.) Acremonium (Acremonium strictum) 
Bacillus (mainly B. subtilis) Alternaria (A. alternate) 
Flavobacterium (Flavobacterium sp.)1 Aspergillus (mainly A. flavus) 
Kocuria (K. kristinae, K. lutea, K. rhizophilum) Aureobasidium (A. pullulans) 
 Cladosporium (C. herbarum) 
 Epicoccum (Epicoccum sp.)2 
 Fusarium (F. monoliforme) 
 Penicillium (Penicillium sp.) 
 Phoma (P. herbarum) 
 Rhizopus (Rhizopus sp.) 
 Rhodotorula (R. glutinis) 
 Saccharomyces (Saccharomyces sp.)3 
1Not found in the Natural Park of Montseny sample; 2Only found in the Natural Park of Montseny sample; 3  
Only found in Ghent city. 
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Table 5. Isolated bacteria classified per bioreceptivity level, inclination and location of the 
specimens. 
Specimen Horizontal Vertical Barcelona city Montseny Ghent city Barcelona city Montseny Ghent city 
Pa40-1C 
Aerococcus 
Bacillus 
Kocuria 
Bacillus 
Kocuria 
Bacillus 
Koccuria 
Streptococcus 
Bacillus Bacillus 
Kocuria 
Bacillus 
Kocuria 
Streptococcus 
Pa60-1.75C 
Aerococcus 
Bacillus 
Flavobacterium 
Kocuria 
Bacillus 
Flavobacterium 
Kocuria 
Bacillus 
Koccuria 
Streptococcus 
Aerococcus 
Kocuria 
Aerococcus 
Bacillus 
Kocuria 
Bacillus 
Kocuria 
Streptococcus 
PA30-1C 
Aerococcus 
Bacillus 
Flavobacterium 
Kocuria 
Aerococcus 
Bacillus 
Flavobacterium 
Kocuria 
Bacillus 
Kocuria 
Streptococcus 
Aerococcus 
Kocuria 
Aerococcus 
Bacillus 
 
Bacillus 
Kocuria 
Streptococcus 
Ma20-0.75C 
Aerococcus 
Bacillus 
Flavobacterium 
Kocuria 
Aerococcus 
Bacillus 
Kocuria 
Bacillus 
Streptococcus Aerococcus Bacillus 
Kocuria 
Bacillus 
- 
Ma28-1C 
Aerococcus 
Bacillus 
Kocuria 
Bacillus 
Kocuria 
Bacillus 
Koccuria 
Streptococcus 
Aerococcus 
Bacillus 
Kocuria 
Aerococcus Streptococcus 
MA15-0.5C 
Aerococcus 
Bacillus 
Kocuria 
Streptococcus 
Bacillus 
Kocuria Bacillus Koccuria 
Streptococcus 
Bacillus 
Kocuria 
Aerococcus 
Bacillus 
Kocuria 
Bacillus 
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Table 6. Isolated fungi classified per bioreceptivity level, inclination and location of the 
specimens. 
Specimen Horizontal Vertical Barcelona city Montseny Ghent city Barcelona city Montseny Ghent city 
Pa40-1C 
Acremonium 
Alternaria 
Cladosporium 
Cladosporium 
Epicoccum 
Alternaria 
Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 
Alternaria 
Cladosporium 
Aureobasidium 
Fusarium 
Alternaria 
Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 
Pa60-1.75C 
Acremonium 
Alternaria 
Cladosporium 
Acremonium 
Alternaria 
Cladosporium 
Alternaria 
Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 
Acremonium 
Alternaria 
Cladosporium 
Phoma 
Alternaria 
Aureobasidium 
Cladosporium 
Phoma 
Alternaria 
Cladosporium 
Fusarium 
Rhodotorula 
Saccharomyces 
PA30-1C 
Acremonium 
Cladosporium 
Epicoccum 
Acremonium 
Alternaria 
Cladosporium 
Alternaria 
Cladosporium 
Fusarium 
Rhodotorula 
Cladosporium 
Mucor 
Phoma 
Acremonium 
Cladosporium 
Rhodotorula 
Alternaria 
Cladosporium 
Rhodotorula 
Saccharomyces 
Ma20-0.75C 
Acremonium 
Alternaria 
Cladosporium 
Gilmaniella 
Phoma 
Alternaria 
Cladosporium 
Fusarium 
Penicillium 
Fusarium 
Saccharomyces 
Acremonium 
Cladosporium 
Alternaria 
Fusarium 
Alternaria 
Cladosporium 
Fusarium 
Saccharomyces 
Ma28-1C 
Alternaria 
Cladosporium 
Phoma 
Alternaria 
Fusarium 
Alternaria 
Cladosporium 
Mucor 
Acremonium 
Alternaria 
Cladosporium 
Phoma 
Rhodotorula 
Aureobasidium 
Cladosporium 
Cladosporium 
Fusarium 
MA15-0.5C 
Alternaria 
Cladosporium 
Phoma 
Alternaria 
Aspergillus 
Aureobasidium 
Cladosporium 
Penicillum 
Rhodotorula 
Cladosporium 
Fusarium 
Saccharomyces - 
Aureobasidium 
Cladosporium 
Phoma 
Alternaria 
Cladosporium 
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Figure 4. Box plot of bacterial quantification for horizontal specimens. 
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 Figure 5. Box plot of bacterial quantification for horizontal specimens. 
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 Figure 6. Air quality of Barcelona city (a,b) and Natural Park of Montseny (c,d). 
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Figure 8. Box plot of fungal quantification for horizontal specimens. 
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Figure 9. Box plot of fungal quantification for vertical specimens. 
 
Figure 9
Click here to download Figure: Figure 9.docx
 Figure 10. Monthly average temperature and cumulative precipitation for the locations of 
Barcelona city (a), Natural Park of Montseny (b) and Ghent city (c). 
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